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Human Embryonic Stem Cells (hESCs)

REPORTS

Embryonic Stem Cell Lines
Derived from Human
Blastocysts

James A. Thomson,* Joseph Itskovitz-Eldor, Sander S. Shapiro,
Michelle A. Waknitz, Jennifer ). Swiergiel, Vivienne S. Marshall,
Jeffrey M. Jones

Human blastoeyst-derived, pluripotent cell lines are described that have normal
karyotypes, express high levels of telomerase activity, and express cell surface
markers that characterize primate embryonic stem cells but do not characterize
other early lineages. After undifferentiated proliferation in vitre for 4 to 5

months, these cells still maintained the develop | potential to form tro-
phoblast and derivatives of all three embryonic germ layers, including gut
eputhellum {endodetm} cartilage, bone, smooth muscle, and striated muscle

'm); and neural epithelium, embryonic ganglia, and stratified squamous

ep:the!lum (ectoderm). These cell lines should be useful in human develop-
mental biology, drug discovery, and transplantation medicine.

Embryonic stem (ES) cells are derived
from totipotent cells of the early mamma-
lian embryo and are capable of unlimited,
undifferentiated proliferation in vitro ([, 2)
In chimeras with intact embryos, mouse ES
cells contribute 1o a wide range of adult
tissues, including germ cells, providing a

genetic ch
(3). The term “ES cell” was introduced 1o
distinguish these embryo-derived pluripo-
tent cells from teratocarcinoma-derived
pluripotent embryonal carcinoma (EC)
cells (2), Given the histori introduction
of the term “ES cell” and the properties of
mouse ES cells, we proposed that the es-
sential characteristics of primate ES cells
should include (1) derivation from the pre-
implantation or periimplantation embryo,
(i) prolonged undifferentiated prolifera-
tion, and (iii) stable developmental poten-
tial to form derivatives of all three embry-
onic germ layers even after prolong
ture {4). For ethical and practical reasons,
species, including humans,
the ability of ES cells to contribute 10 the
germ line in chimeras is nnl a testable
. MNonhuman primate eell lines
an accurate in vitro model for un-
derstanding the differentiation of human
tissues (4, 5). We now describe human cell
lines that fulfill our proposed criteria to
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define primate ES cells
Fresh or frozen cleavage stage human
embryos, produced by in vitro fertilization
(IVF) for clinical purposes, were donated
by individuals afier informed consent and
after institutional review board approval.
Embryos were cultured to the blastocyst
14 inner cell masses were isolated,
and five ES cell lines originating from five
separate embryos were derived, essentially
as described for nonhuman primate ES cells
{3, A). The resulting cells had a high ratio
of nucleus to cytoplasm, prominent nucle-
oli, and a colony morphology similar to that
of rhesus monkey ES cells (Fig. 1) Three
cell lines (H1, H13, and H14) had a normal
XY karyotype, and two cell lines (H7 and

H%) had a normal XX karvotype. Each of

the cell lines was suecessfully crvopre-
served and thawed. Four of the cell lines

were cryopreserved after 5 1o 6 months of

continuous undifferentiated proliferation.
The other cell line, HY. retained a normal

Fig. 1. Derivation of the
HI cell line. (A) Inner
cell mass—derived cells
attached 1o mouse -
bryonic fibroblast feed-
er layer after 8 days of
culture, 24 hours be-
fare fiest dissocation.
Seale bar, 100 pm. (B)
H9 colony. Scale bar,
100 pwm. (C) HI cells.
Scale bar, 50 pm. (D)
Differentiated HI cells,
cultured for 5 days in
the absence of mouse
embryonic fibroblasts,
but in the presence of
human LIF (20 ng/ml:
Sigma). Scale bar, 100
jm

XX karyotype after 6 months of culiure and
has now been passaged continuously for
more than ¥ months (32 pa: s). A period
of replicative crisis was not observed for
any of the cell lines.

The human ES cell lines expressed high
levels of elomerase activity | 2). Telo-
mel 15 a ribonucleoprotein that adds welo-
mere repeats o chromosome ends and is
involved in maintaining telomere  length,
which plays an important role in replicative
life-span | /). Telomerase expression is
highly mm-l wed with immortality in human
cell lines, and reintroduction of telomerase
activity into some diploid human somatic cell
lines extends replicative life-span (V). Dip-
loid human somatic cells do not express tel-
omerase, have shoriened ielomeres with age
and enter replicative ser nee after a I|n|l|.'
proliferative life-span in tissue culture {71}
13). In contrast, telomerase is present at high
levels in m line and embryonic tissues
{f4). The high level of telomerase activity
expressed by the human ES cell lines there-
fore suggests that their replicative life-span
will exceed that of somatic cells,

The human ES cell lines expressed cell
surface markers that ch rize undifferen-
tinted nonhuman primate and human EC
cells, including stage-specific embryvonic an-
igen (SSEA)-3, SSEA-4, TRA-I-60, TRA-I-
81, and alkaline phosphatase (Fig. 3) (4, 5,
15, 16). The globo-series glvcolipid GL7,
which carries the SSEA-4 epitope, is formed
by the addition of sialic acid to the globo-
series glycolipid Gb3, which camies the
55 epitope (17, J¥). Thus, GL7 reacts
with antibodies o !mlll SS5EA-3 and SSEA-4
(17, 18). Staining intensity for SSEA-4 on the
human ES cell lines was consistently strong,
but staining intensity for SSEA-3 was weak
.|m| Vil |||L‘1 both within and among colonies
{ . D and C). Because GLT carries both
|||c SSEA-4 and & 3 epitopes and be-
cause staning for SSEA-4 was consistently

strong, the relatively weak staining  for
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Potential applications of hESCs
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Protocols for directed differentiation of hESCs
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Hematopoietic colony-forming cells derived from
human embryonic stem cells
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Communicated by Neal L. First, University of Wisconsin, Madison, W1, July 16, 2001 (received for review May 10, 2001)

Human embryonic stem (ES) cells are undifferentiated, pluripotent
cells that can be maintained indefinitely in culture. Here we
demonstrate that human ES cells differentiate to hematopoietic
precursor cells when cocultured with the murine bone marrow cell
line $17 or the yolk sac endothelial cell line C166. This hematopoi-
etic differentiation requires fetal bovine serum, but no other
exogenous cytokines. ES cell-derived hematopoietic precursor cells
express the cell surface antigen CD34 and the hematopoietic
transcription factors TAL-1, LMO-2, and GATA-2. When cultured on
semisolid media with hematopoietic growth factors, these hema-
topoietic precursor cells form characteristic myeloid, erythroid, and
megakaryocyte colonies. Selection for CD34* cells derived from
human ES cells enriches for hematopoietic colony-forming cells,
similar to CD34 selection of primary hematopoietic tissue (bone
marrow, umbilical cord blood). More terminally differentiated
hematopoietic cells derived from human ES cells under these
conditions also express normal surface antigens: glycophorin A on
erythroid cells, CD15 on myeloid cells, and CD41 on megakaryo-
cytes. The in vitro differentiation of human ES cells provides an
opportunity to better understand human hematopoiesis and could
lead to a novel source of cells for transfusion and transplantation
therapies.

Human embryonic stem cell-derived CD34* cells: efficient production in the
coculture with OP9 stromal cells and analysis of lymphohematopoietic potential

deficient mice (8-11). Moreover, some cells derived from non-
hematopoietic tissue appear to have HSC potential (12, 13). The
interrelationship between these varying sources and phenotypes
of HSCs remains unclear.

Human cells (14, 15) provide a unigue, homogeneous,
unlimited starting population of cells for studying human he-
matopoiesis. Human ES cells can be cultured for at least 300
population doubling times without observed senescence, while
continuing to maintain normal karvotypes. telomere lengths,
and pluripotency. Moreover, these cells can be cloned from a
single cell without loss of pluripotency (16). Human ES cells give
rise to differentiated cells and tissues from all three embryonic
germ layers when allowed to form teratomas in immunodeficient
mice or when induced to form embryoid bodies in vitro (14, 17).
Mouse and human ES cells differ in morphology, population
doubling time, and growth factor requirements. Undifferenti-
ated mouse ES cells, for example, can be maintained as undif-
ferentiated “feeder-independent” cells if growth factors such as
leukemia inhibitory factor (LIF) or related cytokines are added
to the media (1). If human ES cells are grown without feeder
cells, but in the presence of LIF, they cither differentiate or die
(14, 15). Given the unexpected differences in the control of the

Maxim A. Vodyanik, Jack A. Bork, Jarmes A. Thomson, and Igor 1. Slukvin

Embryonic stem (ES) cells have the poten-
tlal to serve as an alternative source of
hematopoletic precursors for transplanta-
tion and for the study of hematopoletic
cell development. Using coculture of hu-
man ES (hES) cells with OP9 bone mar-
row stromal cells, we were able to obtain
up to 20% of CD34~ cells and Isolate up to
107 CD34+ cells with more than 95% pu-
fity from a similar number of Initlally
plated hES cells after 8 to 9 days of
culture. The hES cell-derived CD34+ cells
were highly enriched In colony-forming
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cells, cells expressing hematopolesis-
assoclated genes GATA-1, GATA-2, SCL/
TAL1, and Flk-1, and retained clonogenic
potential after in vitro expansion. CD34*
cells displayed the phenotype of primitive
hematopoletic progenitors as defined by
co-expression of CD90, CD117, and
CD164, along with a lack of CD38 expres-
slon and contalned aldehyde dehydroge-
nase—positive cells as well as cells with
verapamil-sensitive ability to efflux rhoda-
mine 123. When cultured on MS-5 stromal
cells In the presence of stem cell factor,
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Hypothesis:
Wherever there 1s Blood, there should be Mesenchymal Cells!
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Figure 4.3. Hematopoletic and Stromal Stem Cell Differentiation. osteogenesis adipogenesis chondrogenesis



Simultaneous generation of CD34+ and CD73+ cells
from hESCs co-cultured with OP9 murine bone marrow stromal cells

Mouse OP9 cells
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Generation of a pure population of CD73+ mesenchymal cells
from hESCs co-cultured with OP9 cells

Re-plating at Day &
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Generation of GFP+/MSCs from GFP+/hESCs co-cultured with OP9




Adipogenic potential of ESC-derived CD73+ MSCs

Adipogenic Supplement =Isobutylxanthine+Insulin



Osteogenic potential of ESC-derived CD73+ MSCs
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Chondrogenic potential of ESC-derived CD73+ MSCs
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Open access, freely available online
Derivation of Multipotent Mesenchymal
Precursors from Human Embryonic Stem Cells

Tiziano Barberi', Lucy M. Willis", Nicholas D, Socci®, Lorenz Studer'”

Background

Human
and may ser
crucial to develop pr
restricted precursors,

Methods and Findings

Here, we present culture conditions for the derivation of unlimited numbers of pure
mesenchymal precursors from human embryonic stem cells and demonstrate multilineage
differentiation into fat, cartilage, bone, and skeletal muscle cells.

Conclusion

Qur findings will help to el
embryonic st differen
human mesenchymal cell types

After 40 days of co-culturing
hESCs with OP9 cells

PLOS Medicine | c June 2005 | Volume 2 | ssue 6 | e




Are hESC-derived MSCs capable of supporting generation of
CD34+ & CD73+ cells from hESCs?

B
GFP+ cells - PE confrol

GFP+/hESCs co-cultured
with hESC-derived MSCs




Hematopolietic colonies derived from GFP+/hESCs
co-cultured with hESC-derived CD73+/MSCs
(not CD34+ selected)
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Potential Clinical Applications of
Mesenchymal Stem Cells



Rapid Hematopoietic Recovery After Coinfusion of
Autologous-Blood Stem Cells and Culture-Expanded
Marrow Mesenchymal Stem Cells in Advanced Breast
Cancer Patients Receiving High-Dose Chemotherapy

By Omer N. Keg, Stanton L. Gersen, Brenda W. Cooper, Stephanie M. Dyhouse, Stephen E. Hayneswaorth,
Arnold 1. Caplan, and Hillard M. Lazarus

Purpose: Multipotential mesenchymal stem cells
(M5Cs) are found in human bone marrow and are
shown to secrete hematopoietic cytokines and support
hematopoietic progeniters in vitro. We hypothesized
that infusion of autolog MSCs after myeloablative
therapy would facilitate engraftment by hematopoiefic
stem cells, and we investigated the feasibility, safety,
and hematopoietic effects of culture-expanded MSCs in
breast cancer patients receiving autologous peripheral-
blood progenitor-cell (PBPC) infusion.

Patients and Methods: We developed an efficient
method of isolating and culture-expanding a homoge-
nous population of M5Cs from a small marrow-aspirate
sample obtained from 32 breast cancer patients. Twen-
ty-eight patients were given high-dose chemotherapy
and autologous PBPCs plus culture-expanded MSC in-
fusion and daily granulocyte colony-stimulating factor.

Results: Human MSCs were successfully isolated
from a mean = SD of 23.4 = 5.9 mL of bone marrow
aspirate from all patients. Expansion cultures gener-
ated greater than 1 x 10 M5Cs/kg for all patients over

20 to 50 days with a mean potential of 5.6 to 36.3 x
10% M5Cs/kg after two to six passages, respectively.
Twenty-eight patients were infused with 1 10 2.2 x 10%
expanded avtologous M5Cs/kg intravenously over 15
minutes. There were no toxicities related to the infusion
of M5Cs. Clonogenic MSCs were detected in venous
bleod up te 1 hour after infusion in 13 of 21 patients
(62%). Median time to achieve a neutrophil count
greater than 500/pl and platelet count = 20,000/ pL
untransfused was 8 days (range, 6 to 11 days) and 8.5

days (range, 4 to 19 days), respectively.

Conclusion: This report is the first describing infusion
of autologous M5Cs with therapeutic intent. We found
that autologous MSC infusion at the time of PBPC trans-
plantation is feasible and safe. The observed rapid
hematopoietic recovery suggests that M5C infusion af-
ter myeloablative therapy may have a positive impact
on hematopoiesis and should be tested in randomized

trials.

J Clin Oncol 18:307-316. © 2000 by American

Society of Clinical Oncology.

STEM CELLS IN HEMATOLOGY

Human embryonic stem cell-derived hematopoietic cells are capable of
engrafting primary as well as secondary fetal sheep recipients

A. Daisy Narayan, Jessica L. Chase, Rachel L. Lewis, Xinghui Tian, Dan S. Kaufman, James A. Thomson, and Esmail D. Zanjani

The human/sheep xenograft model has
proven valuable in assessing the in vivo
hematopoietic activity of stem cells from
a variety of fetal and postnatal human
sources. CD34%/lineage~ or CD34+/CD38~
cells isolated from human embryonic stem
cells (hESCs) differentiated on S17 feeder
layer were transplanted by intraperito-
neal injections into fetal sheep. Chimer-
ism in primary transplants was estab-
lished with polymerase chain reaction

(PCR) and flow cytometry of bone marrow
and peripheral blood samples. Whole
bone marrow cells harvested from a pri-
mary recipient were transplanted into a
secondary recipient. Chimerism was es-
tablished as described before. This ani-
mal was stimulated with human GM-CSF,
and an increase in human hematopoietic
activity was noted by flow cytometry.
Bone marrow aspirations cultured in
methylcellulose generated colonies iden-

tified by PCR to be of human origin. We
therefore conclude that hESCs are ca-
pable of generating hematopoietic cells
that engraft primary recipients. These
cells also fulfill the criteria for long-term
engrafting hematopoietic stem cells as
demonstrated by engraftment and differ-
entiation in the secondary recipient.
(Blood. 2006;107:2180-2183)

i© 2006 by The American Society of Hematology
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CLINICAL OBSERVATIONS, INTERVENTIONS, AND THERAPEUTIC TRIALS

BLOOD, 1 MARCH 2001 « VOLUME 97, NUMBER 5

Clinical responses to bone marrow transplantation in children with severe
osteogenesis imperfecta

Edwin M. Horwitz, Darwin J. Prockop, Paltricia L. Gordon, Winston W. K. Koo, Lorraine A. Fitzpatrick, Michael D. Nesl,
M. Elizabeth MeCarville, Paul J. Orehard, Resd E. Pyeritz, and Malcolm K. Brenner

Preclinical models have shown that trans-
plantation of marrow mesenchymal cells
has the potential to correct inherited dis-
orders of bone, cartilage, and muscle.
The report describes clinical responses
of the first children to undergo allogeneic
bone marrow transplantation (BMT) for
severe osteogenesis imperfecta (Ol), a
genetic disorder characterized by defec-
tive type | collagen, osteopenia, bone
fragility, severe bony deformities, and
growth retardation. Five children with se-
verg Ol were enrolled in a study of BMT

from human leukocyte antigen (HLA)-
compatible sibling donors. Linear growth,
bone mineralization, and fracture rate
were taken as measures of treatment re-
sponse. The 3 children with documented
donor osteoblast engraftment had a me-
dian 7.5-cm increase in body length
(range, 6.5-8.0 cm) 6 months after trans-
plantation compared with 1.25 cm (range,
1.0-1.5 ¢m) for age-matched control pa-
tients. These patients gained 21.0to 65.3 g
total body bone mineral content by 3
months after treatment or 45% to 77% of

their baseline values. With extended fol-
low-up, the patients’ growth rates either
slowed or reached a plateau phase. Bone
mineral content continued to increase at
a rate similar to that for weight-matched
healthy children, even as growth rates
declined. These results suggest that BMT
from HLA-compatible donors may benefit
children with severe Ol. Further studies
are needed to determine the full potential
of this strategy. (Blood. 2001;97:1227-1231)
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Human mesenchymal stem cells modulate allogeneic immune cell responses

Sudeepta Aggarwal and Mark F. Pittenger

Mesenchymal stem cells (MSCs) are mul-
tipotent cells found in several adull tis-
sues. Transplanted allogeneic MSCs can
be Inrecip at time
points, indicating a lack of i I
nition and clearance. As well, a role for
bone marrow-derived MSCs In reducing
the incidence and severity of graft-versus-
host disease (GVHD) during allogeneic

and report here that hMSCs altered the

decreased secration of IFN-y from the NK

cytokine secretion profile of dendritic cell
(DCs}, nalve and etfector T cells (T helper
1 [Ty1] and Ty2), and natural killer (NK)
cells to induce a more anti-infl

cells. the hMSCs pro-
duced elevated prostaglandin E2 (PGEz)
in co-cultures, and Inhibiters of PGE;
producti it d hMSC diated im-

¥
or tolerant ph ype. the

mune dul These data offer in-

hMSCs caused mature DCs type 1 (DC1)
to decrease tumor necrosis factor o
(TNF-a) secretion and mature DC2 to in-

sight into the Interactions between alloge-
neic M5Cs and immune cells and provide
mechanisms likely involved with the in vivo

transplantation has recently been re- crease interloukin-10 (IL-10)
hMSCs caused Tyl cells to decrease inter-  could be therapeutic for reduction of GVHD,

ported; however, the mechanisms rem:

MSC. i of that

to be investigated. We examined the im-  feron v (IFN-v) and caused the Tu2 cellsto  rejection, and modulation of inflammation.
munomedulatory functions of human  increase secretion of IL-4; hMSCs caused  (Blood. 2005:105:1815-1822)

MSCs (hMSCs) by coculturing them with  an Increase in the proportion of regula-

purified subpopulations of immune cells  tory T cells (Treg) present; and hMSCs 2005 by The Amarican Seciety of Hematology

Introduction

The isolation of stem cell populations has bu med in the last 10
vears, opening many new opportunities o evaluate the stem cells
and their use in tissue regeneration, Hemmopolietic stem cells
(HSCx) were identified alter o long search for cells that would
allow survival following madiation exposure. During this period
several studies demonstred that bone marrow would form new
bone when transplanted to an ectopic site.! The isolaion and
culture of cells from bone marrow that could form this ectopic bone
were first demonstrated by Friedenstein et al® using the guinea pig
s @ maodel, Later, sever ps published similar data for rand
rabbit cells harvested from bone marrow and other tissues 4
Similar 1o the hematopoietic stem cell and its lineages, the concept
emerged that there may be a mesenchymal stem cell (MSC), a
single cell e of forming bone, cartilage, and other mesenchy-
mal tissues™ Haynesworth ef al® developed a reliable in vivo

-forming assay and were able o isolate and culture human

"5 in therapeutic quantitics

Subseguently. in viro experiments demonstrated that clonal
huwman MSCs are able differentiate im0 vanious lincages
including osteoblasts, chondrocytes, and adipocytes. ™7 In vitro and
in vivo studies have also indicated the capability of MSCs 1o

M0 cardi

differentiate into musc neural precursors
cytes, -1 and possibly other cell types. "5 In addition, MSCs have
been shown 1o provide cytokine and growth Fictor support Tor

Muimer

expansion of hematopoietic and embryonic stem cells,

ous studies with a varety of animal models have shown that MSCs

Baltimaore, MD.

S.A. and MF
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may be useful in the repair or ation of myocardial tis-
sues 20 damaged bone 45 cartilage." and menis-

cus. ™ Perhaps one of the most remarkable amd least understood

findings is the ability of MSCs 1o migrie 1o sites of tissue

injury. "4 Several clinical s

murrow, presumably containing

progenitor cells have ulso been reponted for patients with myocar-
dial infarcts. " Importantly, encouraging results have been re-
ported for ex vivo-cultured MSCs in carly clinical use including
engraftment of autologous™% or allogeneic®” (also Lagrus et al
muanuscript submitted. August 20045 e marrow transplants,
allogeneic MSCs for the collagen | genetic disease osteogenesis
imperfecta,™ and recently for the trestment of grafi-versus-host
disease (GVHD)

Human MSCs (hMSCs) can be isolated from several, perhaps
miwst, tissues, although bone marrow is most often used. Human
MSCs express imtermediate levels of human leukocyle antigen
(HLA) major h: stibility complex (MHC) class L and they
can be induced 1o express MHC class 11 antigen®™* and Fas ligand
by interferon y (IFN-y) treatment, MSCs do =5 costimula-
tory molecules B7-1, B7-2, CDE0, and CDA0 |
therefore, do not activate alloreactive T el In addition,
MSCs differentiated into various mesenchym

nd probubly,

MSCs jsolated

from humans and other mammalian species including baboon,

appear to alter their interaction with T cells

canine, caprine, and rodents do not elicit o iferative

arsion ol the article oo

W 50 10 indic: thi

¥
o in accordance with 18 .50
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Treatment of severe acute graft-versus-host disease with third party

haploidentical mesenchymal stem cells

Katarina Le Blanc, Ida Rasmusson, Berit Sundberg, Cecilia Gotherstrom, Moustapha Hassan, Mehmet Uzunel, Olle Ringden

Adult bone-marrow-derived mesenchymal stem cells are
Immunosuppressive and prolong the rejection of mismatched
skin grafts In animals. We transplanted haploidentical
mesenchymal stem cells in a patient with severe treatment-
resistant grade IV acute graft-versushost disease of the gut
and liver. Clinical response was striking. The patient is now
well after 1 year. We postulate that mesenchymal stem cells
have a potent Immunosuppressive effect In vivo.

Lancet 2004: 363: 1439-41

See Commentary page 1411

Severe acute graft-versus-host disease (GVHD) after allogeneic
stem-cell ransplantation is associated with high mortality.
Bone marrow contains pluripotent mesenchymal stem ¢
that form bone, cartilage, adipose tissue, and muscle. These
stem cells are nor immunogenic and escape recognition
by alloreactive T cells and natural killer cells. Mesenchymal
stem cells given intravenously have been well tolerated.!
Furthermore, they are immunosuppressive and inhibit the
proliferation of alloreactive T cells. Preliminary reports of co-
transplantation of mesenchymal stem cells and haemopoietc
stem cells from HLA-identical siblings show a reducrion in
acute and chronic GVHD." We describe our experience of
transplanting haploidentical mesenchymal stem cells o treat
severe GVHD after allogeneic stem-cell ransplantation.

A O-vear-old boy with acute lvmphoblastic leukaemia in
third remission received a transplant of blood stem cells from
an HLA-A, HLA-B, HLA-DRBE!] identical, unrelated,
female donor after conditioning with cyclophosphamide
(120 mg'kg) and fractionated toral body irradiation (3 Gy

Immunosuppression included thymoglobulin
(6 mg'kg) during the conditioning, followed by ciclosporin
combined with four doses of methotrexate. On day 11 after
allogeneic stem-cell transplantation, the :nt developed a
maculopapular rash of the thorax and back that progressed
despite treatment with prednisolone megkg daily). By
day 22, the patient developed diarrhoea (>1000 mL per day)
and abdominal pain requiring morphine. He stopped
eating on day 24. Bilirubin and alanine aminotransferase
concentrations rose (figure 1). Psoralen and ulrraviolet-A
light (PUVA) treatment (two to three times per week)
for 3 weeks was followed by extracorporeal PUVA (one
to four times per week) for 6 weeks. Infliximab (10 mg'kg)
and daclizumab (1 mgke) for 4 weeks were ineffective
(figure 1). Methylprednisolone (250-500 mg per day) for
a total of 22 days, mycophenolate moferil, and methotrexate
w tried. By day 70, the patient had developed
grade IV acute GVHD, including diarrhoea up to 20 tmes
daily, and a bilirubin concentration of 250 mmol/L. He was
treated for repeated bacterial, viral, and invasive fung
infections,

We chose the mother as donor,

Methylprednisclone
PUVA
Infliximat and
daclizumab

400

3604

bin concentration (mmol/L)

T
90 120 150 180 ?.‘1‘0 240

Days after ASCT

Figure 1: Clinical course and immunosuppression of the patient

because she was readily ailable and
because MHC-companbility s not
nes v for mesenchymal stem-cell
immunosuppression. After  ethics-
committes  approval nd  informed
consent, mesenchymal stem cells were
isolated as previously described.’ Brie!

+- Bllirubin we isolated mononuclear cells from
= Stools

a bone marrow aspirate by Percoll
gradient centrifugation ( na, St Louis,
MO, USA). The s were plated at a
density of 3x107 cells per 175 cm’ in
polystyrene  flas in low glucose
Dulbecco’s modified Eagle's medium
ife Technologies, Gaithersburg, MD,
USA), supplemented with 10% fetal
bovine serum (MNational Veterinary
Instiute, LU . Sweden) and
antibioti 1 i solution  (Life
Technologies). We selected the serum lot
on the basis of optimum mesenchymal
stem-cell  growth  with  maximum
retention of osteogenic, chondrogenic,
and adipogenic differentiation. When the
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cultures were near confluence, the cells




Cardiac repair with intramyocardial injection
of allogeneic mesenchymal stem cells

after myocardial infarction
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Although clinical trials of autologous whole bone marrow for
cardiac repair demonstrate promising results, many practical and
mechanistic issues regarding this therapy remain highly contro-
versial. Here, we report the results of a randemized study of
bone-marrow-derived mesenchymal stem cells, administered to
pigs. which offer several new insights regarding cellular cardio-
myeplasty. First, cells were safely injected by using a percutane-
ous-injection catheter 3 d after myocardial infarction. Second,
cellular transplantation resulted in long-term engraftment, pro-
found jon in scar f tion, and lization of
cardiac function. Third, splanted cells were preprepared from
an allogeneic donor and were not rejected, a major practical
advance for widespread application of this therapy. Together,
these findings demonstrate that the direct injection of cellular
£ in the

grafts into damaged is safe and
periinfarct period. The direct delivery of cells to neaotic myocar-
dium offers a valuable alternative to intracoronary cell injections,
and the use of allogeneic mesenchymal stem cells provides a
valuable strategy for cardiac regenerative therapy that avoids the
need for preparing autologous cells from the recipient.

here is growing enthusiasm for the application of bone-marrow-

derived cell-bused therapies 1o repair or regenerate damaged
myocardium. Small clinical trials conducted in the perimyocardial
infarction (M1} period (1-5) with intracoronary infusion of autol-
ogous whole bone marrow preparations have suggested moderate
improvements in cardiae function (1-3), However, recent experi-
mental studies questioning the engraftment of hematopoietic stem
cells (6, 7) amd clinical findings that bone marrow cells do not
engraft in the infarct zone of reduce infarct size have lead 1o
controversy regarding the mechanism behind these promising
results (5)

Despite these concerns, there is increasing evidence that a
spedfic bone marmow constituent, the mesenchymal stem eell
(MSC), has cardiac reparative propertics. MSCs engraft (9), have
the potential for myoeyte differentiation (10), amd release cytokines
and growth factors that stimulate endogenous repair mechanisms
(11, 12). Furthermore, MSCs have several properties that contrib-
ute to an ability to evade rejection (13-15). In this regard, they lack
cell-surface B-7 costimulatory molecules (16, 17) and may also
directly inhibit inflammatory responses ( 18). Therefore, MSCs may

weneic graft, thereby avoiding the need for bone
2 from prospective recipients, an extraordinary
therapeutic advantage for this cell type.

An additional consideration for the development of cellular
therapeutics is the delivery approach. As cited above, intracoroniary
infusions of cells do not appear to infiltrate the M zone or reduce
MU size (3). Accordingly, the dircet delivery of cells into the arca of
Tissue necrosis may circummnvent this potential Hmitation of cellular
delivery
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Here, 1o address the hypothesis that MSCs reduce M1 size and
improve cardiac function, we conducted a randomized, investigator-
blinded, placebo-controlled trial of MSCs in pigs after ML Addi-
tional studies were performed by using cardine MR The aims of
this study were © (i) demonstrate that stem cells can be safely
administered directly 1o damaged mvocardium via injection cath-

. (i) test the efficacy of preprepared allogencic MSCs as a
¢ cellular therapeutic strategy, and (i) test the prediction that
schanism of benefit is cellular iftment, which results in
¢ myocyle regeneration, reduced infirat size, and improved

iue function.

Animal Model, All animal studies were approved by the Institutional
Animal Care and Use Committee and comply with the Gudde for
the Care and Use of Le (National Institutes of

were comlucted. First, we performed a randomized study of
animals (n = 14) that underwent surgical induction of MI and
instrumentation to measy F (LV) performance and
mption. Second, a group of chronically in-
(] 4) were submitted to MI by balloon
occlusion of the left anterior descending coronary artery (LAD),
after recovery from surg s that measures of normal carding
function could be obtained. Third, a group of animals (i = 18) were
studied ponimvasively with MR after ML induced by balloon
occlusion of the LAD.

Surgical Preparation. Female Yorkshire pigs underwent surgical
instrumentation for subsequent nonimasive measurement of LV
pressure and dimension and myoca n consumption {19,
20). The animals were instrumented, v sternotomy, with
indwelling catheters in the descending acrta, right atrial appendage,
and great cardiac vein. Endocardial ultrsound crystals (Sonomet-
rics, Omntario, Canada) were inserted to measure short-axis dimen-
sion, and & pneumatic occluder was placed around the inferior vena
cava for ed preload reduction 1o assess LV-pressure—
dimension relations. A 4-5 mm flow probe (Transonics, [thaca,
NY' ) was placed around the mid-LAD to measure coronary volume
flow. A solid-state miniature pressure transducer (P onigsberg
Instruments, Pasadena, CA) wis placed in the LV apex for high-
fidelity recordings of LV pressure. Additional pacing leads were
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Safety Study of Adult Mesenchymal Stem Cells (MSC) to Treat Acute
Myocardial Infarction

This study is currently recruiting patients.
Verified by Osiris Therapeutics January 2006
Sponsored by: Osiris Therapeutics
Information provided by: Osiris Therapeutics
ClinicalTrials.gov Identifier: NCT00114452

Purpose

The purpose of the study is to determine whether adult stem cells
[Provacel™(PUMP1)] are safe and possibly effective in the treatment of acute
myocardial infarction (heart attack).

Condition Intervention Phase

Myocardial Infarction

Drug: Provacel Phase 1

MedlinePlus related topics: Heart Attack

Study Type: Interventional
Study Design: Treatment, Randomized, Double-Blind, Placebo Control,
Parallel Assignment, Safety Study

Official Title: A Phase 1 Randomized, Double-Blind, Placebo-Controlled, Dose
Escalation, Multicenter Study to Determine the Safety of Intravenous Ex-Vivo
Cultured Adult Human Mesenchymal Stem Cells (Provacel) Following Acute
Myocardial Infarction

Further study details as provided by Osiris Therapeutics:
Primary Outcomes: Comparison of treatment adverse event rates between the
0.5, 1.6 and 5.0 million mesenchymal stem cells per kilogram dose cohorts
and placebo groups.
Expected Total Enrollment: 48

Study start: February 2005; Expected completion: December 2006
Last follow-up: September 2006; Data entry closure: October 2006




Ssummary of Potential Clinical Applications of MSCs
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Bone and cartilage repair

Enhancement of auto/allogeneic HSC transplantation
Correction of mesenchymal disorders

As vehicles for gene therapy

Repalr of non-mesenchymal organs (CNS, CVS)

‘reatment or prevention of GVHD
"olerance induction to solid organs

Tolerance Iinduction to other hESC-derived cells

Generation of HSCs from hESCs
To facilitate engraftment of hESC-derived HSCs
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